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Athanasios Papanicolaou1 and Mohamed Elhakeem2 
 
 
ABSTRACT 
 
The overarching goal of this research is to evaluate the hydraulic performance of different 
structures found in the Missouri River for creating new shallow water habitat (SWH).  Such 
structures include dikes found in their original form, notched dikes and chevron dikes.  The 
hydraulic performance of the aforementioned structures will be evaluated via detailed field 
monitoring studies for a range of flow conditions and for different locations within the stream.  In 
addition, a 2-D hydrodynamic model will be used to describe the flow patterns around the 
hydraulics structures.  The code will provide for different flow conditions the flow depth and 
velocity variation introduced by the structures.  This paper presents the first phase of this ongoing 
research by comparing the numerical simulations with the field measurements. 
 
 
1. BACKGROUND INFORMATION AND OBJECTIVES 
 
Fish habitat in rivers, including areas for spawning, feeding, cover and resting, are 
endangered by the construction of hydraulic structures like dams, weirs, river training works and by 
extensive channelization.  Often measures are taken to offset fish habitat losses or to improve and 
diversify existing degraded habitat.  Such measures include the installation of different types of 
dikes, rock clusters, weirs and other diversion structures.   
These are known collectively as fish habitat structures and have been used in the United 
States and Canada and several other countries.  Stream and river improvement or restoration 
projects also use habitat structures in an effort to mimic natural habitat features such as pools, riffles 
and bars in channelized rivers (e.g., the Illinois River, the Missouri River, the Columbia River).  In 
these rivers the operation of dams, extensive navigation and bank stabilization projects jeopardize 
the continued existence of any federally listed threatened species or result in the destruction or 
adverse modification of critical habitat. 
In the mainstem of the Missouri River the maintenance and operation of the bank 
stabilization and navigation program (BSNP) by the U.S. Army Corps of Engineers (Corps) has 
further exacerbated the current ecological conditions within the mainstem.  A recent biological 
opinion dated November 30th, 2000 requires the Corps to reduce flows from Gavins Point Dam to 
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708 m3/s for the month of July to avoid jeopardy to the pallid sturgeon and sustain the “critical 
habitat suitability conditions” for the Missouri River ecosystem.  Studies have shown that pallid 
sturgeon prefers areas where excess shear in the flow is present. These include areas where flow 
converges, such as the areas between the main channel and side channel, and around sandbar tips.  
Connectivity between the SWH and the main channel needs to be maintained in order to allow the 
unimpeded movement of fish within these habitats under a variety of flow conditions, seasons and 
specie needs over all life stages. According to this biological opinion, the critical habitat suitability 
could be attained with the creation of shallow water habitat (SWH) adjacent to the river thalweg.  
The SWH must comply with the following flow threshold criteria; namely, depth that is less than 
1.53 m and depth-averaged velocity that is less than 0.61 m/s.   
The overarching goal of this research is to evaluate the hydraulic performance of different 
structures found in the Missouri River for creating new shallow water habitat (SWH).  Such 
structures include dikes found in their original form, notched dikes and chevron dikes.   
 
 
2. METHODOLOGY AND RESULTS 
 
The study complemented field and numerical work to meet the objectives.  Field work was 
necessary for obtaining the necessary information for calibrating the model and numerical 
simulations were important for modeling flow under a wide range of flow conditions.  It is not 
feasible to perform field measurements for a wide range of flows due to time, safety and economic 
constraints. 
 
2.1 Field Components 
 
Site conditions: The study area, shown in Figure 1, is a 1.5 km stretch of the Missouri River.  In this 
reach the river runs approximately northwest to southeast, creating the boundary between the states 
of Iowa and Nebraska.   The city of Nebraska City is located on the left bank.  Revetments in the 
reach include riprap bank protection on the left bank and a series of 7 spur dikes on the right bank.  
Near the downstream end of the study area, the Highway 2 bridge spans the river, and has a United 
States Geological Survey (USGS) stream gage is located on its center pier. 
Field data were collected on the 6th and 7th of June, 2005.  Water levels appeared relatively 
high and a large amount of large woody debris was being transported downstream.  During the 
sampling period, the Highway 2 gage indicated the Missouri River discharge ranged from 1400 to 
1500 m3/s.   This corresponds to roughly a 20-pecent daily exceedance probability flow.   
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Figure 1 Missouri River study reach. 
 
Discharge, Velocity, and Bathymetric Data: Field data were collected from a 5.5 m tunnel 
hull Jon boat.  Velocity, discharge, and bathymetric data were collected using an RD Instruments, 
Inc.  1200 kHz Rio Grande acoustic Doppler current profiler (ADCP), deployed from the port side 
of the boat.  The ADCP collects a series of instantaneous velocity profiles as the boat travels across 
the river.  An internal compass is used to resolve velocity data into earth coordinates and pitch and 
roll sensors are used to correct for wave motion.  The horizontal position of the ADCP was recorded 
using a CSI, Inc. differential GPS receiver with the antenna positioned immediately above the 
instrument whereas, the vertical position was referenced using the water surface elevations 
measured at the Highway 2 gage.  Measurement depths were subtracted from coincident stream 
gage readings to assign elevations to velocity and bathymetric data.  Because the entire study area is 
located within one kilometer of the gage, a flat water surface profile was assumed for these 
calculations.  All elevations are relative to mean sea level (National Geodetic Vertical Datum of 
1929). 
A series of 5 ADCP transects, shown in Figure 1 as transects A-E, were measured along the 
study reach to determine sectional velocity distribution and bed geometry.  ADCP data was also 
collected in greater detail in the vicinity of two spur dikes, identified by the focus areas in Figure 1.  
Data were collected in sections generally transverse to the dominant flow direction.  ADCP data 
collected in transects along the study reach are shown in Figure 2.  A representative mean velocity 
profile was calculated every 10 meters along each section.   Transect A is at the downstream end of 
a bend, and is therefore much deeper along the right bank.  The effect of the bend is still apparent in 
transect B, with the area near the right bank being somewhat deeper and carrying a large percentage 
of the flow.  All subsequent transects have more uniform cross-sections, characteristic of a straight 
reach.  The effect of the spur dikes is apparent in all transects, with areas of low velocity along the 
left bank. 
The ADCP transects resulted in an average discharge of 1520 m3/s with 3.8-percent error 
among the five measurements.  This corresponds well with the range of discharges reported at the 
Highway 2 gage on June 7th, the day these measurements were made.  Mean, maximum, and 
minimum discharges at the gage were 1510, 1540, and 1490 m3/s, respectively. 
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Figure 2  Reach-scale ADCP transects (looking upstream). 
 
In the focus areas, supplementary bathymetric data were collected using a hydrographic 
survey system.  The system consisted of a single-beam echosounder synchronized with a CSI, Inc. 
differential GPS receiver.  Latitude, longitude, and depth were sampled at a rate of approximately 
0.3 Hz and recorded on a laptop computer as the boat traversed the river.  Data were collected in 
longitudinal and transverse sections in the vicinity of each spur dike. 
Measured bathymetry and depth-averaged velocity data around the two wing dikes are 
shown in Figure 3.  The upstream dike is located in a relatively shallow portion of the river, on the 
interior bank at the downstream end of a large bend.  During data collection, the top of the dike was 
partially emerged and had accumulated woody debris.  The shoreward portion of the dike is 
notched, creating an area of accelerated flow near the bank.  Flow along the shoreline and separation 
from the tip of the dike create a pair of large counter rotating eddies behind the dike.  Bathymetry 
indicates scour holes at both ends of the structure.   There is also erosion along the upstream face, 
apparently cased by down flow and acceleration associated with obstruction of the flow. 
The downstream dike is located in a more uniform cross-section, further downstream of any 
bends, and is also immediately downstream of the contraction created by the Highway 2 bridge.  
Flow at this location is therefore deeper and faster than that in the upstream focus area.  During data 
collection, the portion of the structure exposed to the flow was entirely submerged.  A large scour 
hole is formed at the tip of the dike and extends roughly 100 meters downstream.  A system of two 
Velocity magnitude [m/s]
A
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E
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eddies is present downstream of the dike.  The large of the two is located immediately behind the 
dike and overlies a second significant scour hole.  The smaller eddy is located in the inlet 
downstream of the structure.  During data collection, this eddy had entrained a substantial amount of 
woody debris.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3  Field measurements in the vicinity of two spur dikes: (a) near the upstream end of the 
study reach, and (b) immediately downstream of the Highway 2 bridge 
 
2.1 Numerical Components 
 
The Nebraska City stream reach of the Missouri River was modeled using the Surface water 
Modeling System (SMS) version 9.0 graphical interface, and the two-dimensional Finite Element 
Surface Water Modeling System (FESWMS).  SMS provides an easy environment for running the 
models such as FESWMS, generating and modifying grids, and provides visual tools for post-
processing.  A model with a graphical interface is more desirable than a model that requires the use 
of command lines in language compilers for their execution (e.g., SEDZL).   
FESWMS solves differential forms of the continuity equation and the momentum equations 
using the Galerkin method of weighted residuals in the streamwise and transverse directions, in 
order to determine a velocity vector at each node in the grid (Froelich, 2002).  The governing 
equations are written in conservative form, meaning that momentum is conserved along a streamline 
and it is capable of shock capturing (Chaudhry, 1993). 
FESWMS was originally developed for the Federal Highway Administration (FHWA) to 
model flow around bridges, includes provisions to model structures such as weirs and inlets, and is 
capable of modeling flood flow under bridges such that the bridge itself would act as a pressure 
conduit.  The conservation form of the governing equations was chosen because of their robustness 
in solving critical and transcritical flow fields, as would be expected when modeling flow around a 
bridge pier and the resulting wake.   
FESWMS solves the following equations simultaneously 
 
m
w q
y
q
x
q
t
Z =∂
∂+∂
∂+∂
∂ 21  (1)
  
a b
  6 
021
cos1
2
1
2
222
3/7
2
2
2
112
2212
2
11
=⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂+∂
∂
∂
∂−∂
∂−⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂+++
−∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂+⎟⎟⎠
⎞
⎜⎜⎝
⎛ +∂
∂+∂
∂
y
v
x
u
yx
ud
y
Z
x
Z
d
qqq
gn
V
x
Z
gd
d
qq
y
gd
d
q
xt
q
xyxx
bb
aa
b
εε
ψλρρ
 (2)
021
sin1
2
1
2
222
3/7
2
2
2
122
2
2
1212
=∂
∂−⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂+∂
∂
∂
∂−⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂+++
−∂
∂+⎟⎟⎠
⎞
⎜⎜⎝
⎛ +∂
∂+⎟⎠
⎞⎜⎝
⎛
∂
∂+∂
∂
y
vd
y
v
x
u
xy
Z
x
Z
d
qqq
gn
V
y
Z
gdgd
d
q
yd
qq
xt
q
yyyx
bb
aa
b
εε
ψλρρ
 (3)
 
The first equation is the continuity and the other two equations are the momentum equations 
in x and y directions respectively.  In the equations, t is time, d is water depth, ρ is the water density, 
aρ  is the density of air, wZ  and bZ  are the water surface elevation and the bed elevation above 
certain datum, 1q and 2q  are mass fluxes defined as du  and dv  respectively, mq  is the resultant 
mass inflow or outflow flux, εxx and εyy are the normal components of the eddy viscosity on x and y 
directions respectively,  εxy and εyx are the shear components of the eddy viscosity on x and y 
directions respectively, g the is  acceleration due to gravity, n is Manning’s coefficient of roughness, 
λ  is an empirical wind shear coefficient, Va and ψ  are wind speed and direction respectively.  
Solution of the above equations gives the water depth, velocity magnitude in x and y directions and 
sediment concentration at each node in the grid. 
The simulations presented here in were performed for the following initial values: 
Manning’s coefficient near and between the structures = 0.05; Manning coefficient far from the 
structure = 0.025; eddy viscosity = 0.6 m2/s; and a mesh consisting of 6162 elements with an 
average distance between nodes of 10.75 m.  
Figure 4 provides a comparison of the simulated velocity flow field via FESWMS and the 
measured flow field at transect C and for Q = 1444 m3/s.  The error between the simulated and 
measured values was less than 5%, indicating a very good representation of the flow by FESWMS. 
Figure 5 also offers a comparison of the model predictions and the measured data for the 
flow around a dike.  It is shown that the model can adequately depict the flow patterns forming 
around the dike.   Flow accelerates around the tip of the dike while a recirculation region is formed 
behind the dike.  Flow decelerates, as anticipated, within the scour hole which forms at the 
downstream end of the dike. 
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Figure 4  Comparison between measured and simulated velocities at transect C (discharge = 1444 
m3/s, water surface elevation at downstream = 279.8 m near full bank condition). 
 
 
 
 
Figure 5  Comparison between measured and simulated velocities at downstream dike (discharge = 
1444 m3/s, water surface elevation at downstream = 279.8 m near full bank condition). 
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3. CONCLUSIONS 
 
The findings of this study demonstrate the utility of numerical models in simulating flow 
around hydraulic structures.  They show that, even in the case of limited data availability, the model 
satisfactorily approximates the average flow characteristics around the structures, at least for the 
purpose of performing hydraulic and ecological studies. 
The SMS package allows for refinements in the grid density under different flow conditions.  
The performance of FESWMS was tested and the results appear to be independent of the grid 
density, while at the same time, accurately reproduce the average spatial distribution of the flow.  
The portability of the code was also tested for a wide range of roughness and fluid properties values.  
The code satisfactorily reflects the effects of roughness on the flow.  The above result confirms that 
FESWMS is scalable and portable, thus facilitating its use in different hydraulic/geomorphic 
settings (with and without flow obstructions).  There are two main drawbacks of this code.  First, it 
does not account for the effects of separation in wake formation and growth.  Second, it assumes 
that the bed topography does not change with time.  The latter can be a significant limitation if the 
code is used to study scour around a structure.  At present, the code can predict the distribution of 
the bed shear stress prior to the formation of the scour hole.  FESWMS, therefore, does not account 
for the dynamic feedback between the flow and the sediment bed. 
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